Objectives: Effects of exercise on circulating thyroid hormone (TH) values remain controversial. We sought to observe the effect of treadmill exercise on serum TH values in highly selected subjects. Methods: Twenty-six healthy male military recruits aged 23-27 (mean, 25) years were studied. All had maintained identical diet and physical activity for a week before the test. Serum samples were drawn before (baseline) and immediately, 1, 4, 24, 24 and 48 h after maximal exercise (on a treadmill, Bruce protocol). All subjects completed the protocol with normal ECG results. Specimens were analyzed to measure 3,3),5-triiodothyronine (T 3 ), thyroxine (T 4 ), free T 4 (FT 4 ), free T 3 and thyroid-stimulating hormone (TSH) in the same assays. To determine the possible effect of hemodynamic changes, hematocrit (Hct)-adjusted data were also compared. Results: Hemoconcentration, as reflected by increased Hct, was found immediately after exercise. No significant changes of serum mean TH values before and after exercise were found except for TSH, which increased significantly immediately after exercise (1.72 vs. baseline 1.42 IU/l, p ! 0.01). Values for T 3 , T 4 , and TSH increased significantly immediately after exercise, as compared to other postexercise values. However, the changes became insignificant after Hct adjustment. The FT 4 values showed a reciprocal increase after exercise that became significant after Hct correction. Significantly negative correlation was found between FT 4 and TSH values, but these values were still well within the normal range. Conclusions: Maximal treadmill exercise does not greatly affect the determination of concentrations of circulating THs.
Introduction
Evaluation of thyroid hormone (TH) metabolism by measuring circulating TH values is a routine procedure for certain thyroidal and nonthyroidal illnesses including cardiovascular diseases [1, 2] . Treadmill exercise has not Huang/Yu/Lee/Cheng/Yang/Chin/Wu only become a well-established method for clinical evaluation of cardiac problems [3] , but is also a popular aid for physical fitness. Available data indicated that exercise might influence a variety of metabolic and endocrine functions and lead to changed concentrations of hormone secretions in humans [4] . Notably, exercise per se may induce hemodynamic alternations, resulting in changes in circulating hormonal concentrations [5, 6] . It is therefore important to distinguish authentic concentration changes of hormones from those changes due to acute, transient exercise-induced hemoconcentration changes.
While data has been reported on effects of exercise on the TH metabolism, the results have been inconsistent or even contradictory [4, [6] [7] [8] [9] [10] [11] . These divergent results may be due to differences in the intensity of work, duration of exercise, frequency and design of the training program, and to differences in gender and age of the subjects. In addition, different duration of studies, timing of sampling after exercise and methodological factors in hormonal assay and data analysis may also be responsible for the discrepancies [4, [6] [7] [8] [9] [10] .
To avoid possible effects of the aforementioned factors, the present study was conducted to investigate the possible effect of clinical treadmill exercise on changes of circulating TH values using a well-defined group of subjects.
Materials and Methods

Subjects
A total of 27 healthy male military recruits aged 23-27 (mean, 25) years were studied. They were normotensive, free from cardiovascular disorders and underwent an identical training course. All were placed on an identical diet and maintained the same activity for a week before the test. They gave informed consent prior to participating in the study. The protocol for this study was approved by the Hospital Ethics Review Committee.
Subjects presented themselves to the laboratory between 8.00 and 9.00 a.m. after a regular meal containing 650-790 kcal (carbohydrate, 100-130 g; fat, 20 g and protein, 20-25 g) at 7.00 a.m. The energy and macronutrient values of the lunch and dinner were similar to that of the breakfast. Serum samples were drawn from an antecubital vein before (baseline) and immediately after, 1, 4, 24, and 48 h of the graded treadmill exercise testing. The exercise protocol was based on the standard Bruce protocol [3] . Briefly, it began at 1.7 mph and a 10% grade reaching approximately 4 metabolic equivalents [METs, multiples of O 2 consumption of 3.5 ml/(kg ! min)] in sitting position with increments in speed and grade every 3 min. The protocol allows total-body aerobic work to increase at approximately 1 MET for every minute of exercise. All subjects completed the protocol with normal ECG results. Immediately after exercise blood samples were obtained within 2 min of termination of the exercise. A total of 162 blood specimens were collected for the study. After separation, samples were stored at -70°C and were analyzed in the same assays for 3,3),5-triiodothyronine (T 3 ), thyroxine (T 4 ), free T 4 (FT 4 ), free T 3 (FT 3 ) and thyroid-stimulating hormone (TSH).
TH Assays
Serum concentrations of T 3 , T 4 (Diagnostic Products Corp., Calif., USA), FT 4 , FT 3 (Clinical Assays, Incstar Corp., Stillwater, Minn., USA) and TSH (Diagnostic Products Corp.) were determined by radioimmunoassay or ultrasensitive immunoradiometric assay. Normal ranges were 58-161 nmol/l for T 4, 1.3-2.8 nmol/l for T 3 , 9-26 pmol/l for FT 4 , 2.3-7.7 nmol/l for FT 3 , and 0.3-5.0 mU/l for TSH. The analytical sensitivity of the TSH assay was 0.03 mU/l. Averaged interassay and intra-assay coefficients of variation for each assay were as follows: 6.1 and 4.1% for T 4 , 5.8 and 4.5% for T 3 , 6.2 and 6.8% for FT 4 , 7.7 and 6.1% for FT 3 , and 3.0 and 1.5% for TSH. Concentrations of circulating cortisol, adrenocorticotropic hormone (ACTH) and aldosterone at certain set time points were also measured using commercial methods. The accuracy and reproducibility of these tests were ensured by an in-house quality control program and by participation in the College of American Pathologists' Basic Ligand Assay quality assurance program.
Hematological Examinations
To investigate hemoconcentration, hematocrit (Hct), hemoglobin (Hb) and red blood cell (RBC) counts were measured at each set time point by a routine automatic method. The Hct-adjusted THs were calculated from values of individual TH parameters divided by the corresponding Hct values to observe any possible influence of exercise-induced hemodynamic changes on circulating TH measurements [5] .
Statistics
All data were expressed as the group mean B SEM. Owing to the non-normality of the distribution of TH log transformation of the values was applied to make it nearly normal. Using generalized estimating equation methods with an identity link function, we modeled the change in TH values over time by contrasting with level immediately after exercise with or without adjusting for Hct between the repeated measures [12] . Linear regression analysis was used to test for association between FT 4 and TSH levels. A p value of less than 0.05 was considered statistically significant.
Results
Results of peripheral TH measurements pre-(baseline) and postexercise are given in table 1. Hemoconcentration was found immediately after exercise, as reflected by increases of Hct, Hb values and RBC counts (table 2) . Immediately after exercise circulating ACTH and aldosterone levels increased significantly compared to the baseline values. ACTH and cortisol values immediately after exercise were also found to be significantly higher than those a longer period after exercise (table 1) . Except for TSH, no significant change of TH values immediately after exercise compared to the baseline was found. The T 3 , T 4 and TSH values immediately after exercise in- creased significantly compared to those of other postexercise groups ( fig. 1 ). Such changes became insignificant when data were adjusted with the corresponding Hct values. Circulating FT 3 and FT 4 values were relatively stable in response to treadmill exercise. Notably, there was a reciprocal increase of serum FT 4 values after exercise, which reached statistical significance after Hct correction ( fig. 2) . A significantly negative correlation between FT 4 and TSH values was found (p = 0.03). However, these changes were all within the reported normal ranges for reference values. 
Discussion
Hemoconcentration, as reflected by significant increases of Hct, Hb, and RBC counts, was found in the present study at the set point immediately after maximal treadmill exercise. Significant changes of circulating T 3 , T 4 and TSH values after acute exercise appeared to be due to plasma volume alternations because such changes became trivial after Hct adjustment. Since the changes remain well within the normal range, they may not significantly affect the interpretation of in vitro thyroid function tests in routine practice.
The cardiovascular system is a main target of THs. Heart problems may be derived from imbalanced TH action [1] . Treadmill exercise has become a standard protocol to evaluate cardiac performance and has served as a popular tool for physical fitness. In vitro thyroid function tests have also been used widely in routine clinical applications. However, there is no consensus as to whether treadmill exercise affects measurements of circulating TH [4, 6, 9, 10] . In this study the subjects we recruited were all healthy young men who invariably completed the exercise protocol with normal ECG. The identical gender, diets, and daily activity together with the narrow age range of the subjects enabled us to exclude, at least in part, individual variation.
Exercise per se can cause hemoconcentration [5] . However, the hemodynamics return to baseline within minutes following termination of exercise [18] . Measurements of changes in hormone values after exercise may reflect only acute transcapillary movements of water, which resolve shortly after exercise ceases [5, 6, 13] . Therefore measurements of circulating hormones over periods covering such acute changes must be approached with caution. In this regard, measurement of Hct was thought to be a suitable way to evaluate hemoconcentration [5] .
In this study, circulating TSH levels increased shortly after treadmill exercise followed by a significant decrease until the end of the study period. The hemoconcentration results contradicted some reports that no apparent Hct changes were found [11, 14] . However, our results were consistent with other reports [7, 9, [13] [14] [15] [16] suggesting that hemoconcentration could be a cause of changes in circulating TSH. High serum levels of cortisol generated by the stress procedure might also contribute to the post-stress (treadmill exercise) depression of TSH levels [7] . Serum levels of ACTH and cortisol were higher immediately after exercise than those 4 h after exercise (31 vs. 6.6 pmol/l for ACTH, and 331 vs. 193 nmol/l for cortisol; p ! 0.01, respectively). In addition, we found significant increases of aldosterone immediately and 1 h after exercise (631 B 36 and 606 B 36 vs. baseline, 418 B 27 nmol/ l; p ! 0.01, respectively), which might cause additional increases of plasma volume as exercise ceased [17] . While the interplay between TSH, cortisol and aldosterone still needs further clarification, hemodynamic changes related to acute exercise appeared to be responsible for the alteration of TSH values because such changes became insignificant after Hct correction.
The significant changes of T 3 and T 4 values after exercise also became insignificant after Hct correction, a further indication of plasma volume changes in response to exercise. Physical exercise has been reported to stimulate the peripheral deiodination of T 4 [8, 10] and an increased uptake of T 4 in the liver during exercise [18] . Moreover, both cortisol and catecholamine actions initiated by exercise will also stimulate peripheral T 4 deiodination [19, 20] . Whether the accelerated deiodination resulted in the increase in T 3 and minimal decrease in FT 4 values observed immediately after exercise remains to be clarified. Curiously, in this study, there appeared to be a reciprocal change between FT 4 and TSH. The increased FT 4 value after exercise became significant after Hct correction. Sowers et al. [7] claimed that the increased FT 4 might partially account for the postexercise decrease of TSH. In the present study, we also found a significant correlation between circulating FT 4 and TSH (p = 0.03). In spite of the aforementioned physiological relevance, it appeared that such interactions would be quite minor in our subjects under treadmill exercise, a finding in agreement with most previous studies [8] .
While published reports showed effects of exercise on measurements of circulating TH, our current observations using treadmill exercise found that the variations were marginal. It is unlikely that such small changes, that may also reflect normal fluctuations during the day, deserve to be taken into consideration for daily clinical practice, or for follow-up of patients receiving either antithyroid drug treatment for hyperthyroidism or T 4 therapy at replacement or suppressive doses.
Conclusion
Our results indicate that, for normal clinical practice, a maximal treadmill exercise protocol may not affect the determination of concentrations of circulating TH. However, for those serum TH values that need to be measured precisely, it is suggested that samples should not to be taken immediately after exercise.
